In this paper we analyze, using the Finite Element Method, the process of brittle-ductile transition in the failure mode observed in polycarbonate notched specimens under impact loads. In order to analyze this transition we have implemented, through a user subroutine, a damage model which combines a tensional fracture criterion and an energetic, acting simultaneously. The competition between both criteria predicts the difference in material behavior from a critical impact velocity, and how this transition is produced on different planes through the thickness of the specimen. These results show the necessity of employing three-dimensional models for its study.
Description of the problem
The numerical simulations carried out in this work correspond to the experimental tests performed by Ravi-Chandar et al. [9] . Such tests involve the asymmetric impact of a cylindrical projectile (length 100 mm, diameter 50 mm) against a flat and simple notched specimen (100x400x6 mm), both of PC, as shown in Fig. 1 . The impact occurs in the upper half of the specimen, considering theoretically null the impact height relative to the plane of the notch, and imposing no vertical displacement on the bottom surface of the specimen. 
Damage model
The implemented damage model is an adaptation from the one published by Dolinski et al. [7] . The model incorporates simultaneously two modes of failure, on the one hand, a brittle fracture criterion defined from the maximum principal stress, and secondly, a ductile fracture criterion (adiabatic shear band), defined from the density strain energy.
Brittle fracture criterion. It is defined using a local failure criterion based on the maximum principal stress, so that when the maximum principal stress, at some point of the solid, reaches a critical value, , the failure of the element occurs, as stated in Eq. 1.
The last expression considers the dependence of with the equivalent strain rate ̅ , so it is necessary to know the stress-strain state in an area that surrounds the notch tip [10] . The relationship between and ̅ can be obtained from experimental results [9] . Ductile fracture criterion. The ductile fracture criterion is based on the density of strain energy, and sets the gradual deterioration of the structural strength of an element in accordance with the following expression:
where * is the equivalent stress at the present moment, for a given equivalent strain, ̃ ̃ (being ̃ the equivalent strain from which the structural strength begins to deteriorate). The parameter ∈ 0,1 denotes the level of damage present in the element, implying that for 0 the element is intact, while if 1 the element have lost all its resistive capacity. This parameter is given by the following equation: 
where corresponds to the energy density when the entire rupture of the element occurs, that is, when the equivalent stress reaches a value equal to zero, and determines a critical level of the total density of strain energy stored in an element, given by the following expression: ,
being and the components of the stress and strain tensors respectively. The different values for energy densities are obtained in order to reproduce experimental results published [9] .
Numerical model
In this work, a full three-dimensional numerical model (specimen and projectile) of the problem analyzed by Ravi-Chandar et al. [9] , has been implemented in the finite element commercial code ABAQUS/Explicit v6.11. Due to the symmetry of the problem, only half of the specimen and the projectile have been considered, imposing the corresponding boundary conditions. In order to consider the high stress and strain gradients that occur near the end of the notch, the mesh has been refined in this area. In total, the mesh of the specimen consists of 183678 nodes and 165030 elements (C3D8RT) while the projectile consists of 3990 nodes and 3220 elements (C3D8R).
Constitutive behavior of the PC. To reduce the computational cost of numerical simulations, the PC has been modeled as linear elastic for the projectile, and as thermoviscoplastic material, defined by the stress-strain law contained in the Eqs. 5-9, for the specimen. 
The temperature [9] and the strain rate [11] dependences are given by the following expressions: ,
being 20º the reference temperature. Table 1 shows the mechanical properties used for PC.
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Results
Once the model proposed is calibrated from the experimental results obtained by Ravi-Chandar et al. [9] , the process of brittle-ductile transition in the failure mode has been analyzed in detail. Brittle fracture mode. Fig. 2 shows the results of an impact at a velocity of 40 m/s, below the transition velocity, where a brittle fracture by mode-I appears. Both numerical and experimental results exhibit two crack propagation paths, indicated in this figure by the letters B and L. Crack B appears in first place by the impact of the projectile, before the phenomenon of wave reflection from the edges of the specimen occurs. In the numerical and experimental results, this first crack propagates in an angle with the horizontal of about 70º, coinciding with the largest maximum principal stress. Fissure L appears later due to interaction of the waves reflected by the end of the initial notch, propagating in opposite direction to crack B. Fig.2 Brittle fracture mode. Numerical (left) and experimental (right) results [9] .
Ductile fracture mode. For an impact velocity of 60 m/s (above the transition velocity), a ductile fracture mode dominated by adiabatic shear bands appears. Both experimental and numerical results show as the crack propagates in the direction in which maximum plastic deformations and higher temperature rise occur (with the horizontal of about 10º), till stop after about some millimeters (Fig. 3) . Fig.3 Ductile fracture mode. Numerical (left) and experimental (right) results [9] .
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Process of brittle-ductile transition. Experimentally, the transition velocity for the material and specimen geometry used was determined as 58 m/s [9] , while in the numerical simulations this is around 55 m/s, being the estimated error of 5.17%.
Below 55 m/s, the failure mode is brittle, but as the impact velocity approaches the transition velocity, certain variations can be observed in the process of crack propagation, differing from the free surface of the specimen and its plane of symmetry: a ductile crack appears on the exterior face of the specimen, while in the plane of symmetry appears a crack dominated by brittle failure mode (situation 1). Thereupon, the brittle failure mode is propagated along the thickness of the sample to the outside of it. When the impact velocity increases slightly (situation 2) without exceeding the transition velocity, it can be observed that in both, the free surface and the plane of symmetry, the failure produced is ductile. From a certain moment, it is produced in the plane of symmetry a new transition to a brittle failure mode, which again propagates towards the free surfaces along the thickness of the specimen. These two transitions in the failure-mode have been also experimentally observed by Zhou et al. [3] on Ti-6Al-4V specimens. Therefore it has been observed that the crack which is initiated in the plane of symmetry in situations 1 and 2, propagates along the specimen thickness, an effect that could be observed only by a 3D model, highlighting the three-dimensional character of the crack propagation processes. 
Conclusions
In this paper, using the Finite Element Method, a full three-dimensional numerical model of the impact of a cylindrical projectile against PC notched specimens has been implemented, including the damage model, by a user subroutine. It has been proposed a damage model that takes into account simultaneously a local criterion based on stresses and another energetic, which shows the competition between the two modes of failure observed in polymeric materials, and is capable of reproduce the phenomenon of brittle-ductile transition at the failure mode. This damage model is based on another initially applied to metals, and has been adapted to the PC including the difference between tension and compression behavior. Thus, it has been able to reproduce qualitatively, experimental results published in the literature such as: the impact velocity at which the transition in the failure mode occurs, and the direction of crack propagation. Furthermore, a detailed numerical analysis of the transition between brittle and ductile failure modes has been realized, showing a different behavior in the free sides of the specimen relative to its plane of symmetry. Thus, it has been found as the failure mode occurring in the plane of symmetry propagates along the thickness of the specimen toward the free surface. So, the threedimensional character of the crack propagation processes is highlighted.
